Introduction
============

For decades, chemoresistance has been one of the greatest challenges to effective cancer therapy [@B1],[@B2]. Clinical studies have shown that tumor hypoxia is one of the major factors associated with resistance to different types of cancer therapies [@B3]. Poor prognoses have been observed when using cisplatin (CPT) as a first-line chemotherapeutic agent in advanced stage cancer patients, and were reported to be largely due to hypoxia-induced drug resistance [@B4]. Hypoxia-induced resistance to cisplatin treatment has been associated with hypoxia-inducible factor 1 (HIF 1)-associated drug efflux, reduced apoptosis in hypoxic tumor, hypoxia-induced autophagy [@B5], and increased scavenging after conjugating with glutathione which is highly expressed in hypoxic tumor cells. Reducing tumor hypoxia or increasing tumor oxygenation has been recognized as an effective approach to reduce hypoxia-induced treatment resistance [@B6].

Many efforts have been made to improve tumor oxygenation during radiotherapy to overcome hypoxia-induced radio-resistance, including breathing hyperbaric oxygen, *in situ* production of oxygen from endogenous hydrogen peroxide (H~2~O~2~), and tumor vasculature normalization with either drug molecules or enzymes to improve tumor blood flow [@B7]-[@B9]. However, the tumor oxygenation levels achieved by these methods are limited. Breathing hyperbaric oxygen is the only tumor oxygenation method currently used in the clinic in combination with radiation therapy, and success has been modest at best.

As part of the perfluorocarbon (PFC) family, perfluorooctyl bromide (PFOB) is a hydrophobic, chemically and biologically inert liquid that has been explored as a blood substitute for many years. PFOB has been used in patients for this purpose due to its high capacity of solubilizing oxygen and its biocompatibility [@B10]. This technology was then further extended to promote PFC-based tumor oxygenation to improve radiation and photodynamic therapy in pre-clinical animal models [@B11]-[@B15], but limited effort has been applied toward its use in chemotherapy. Tumor oxygenation using PFC-based agents may enhance the efficacy of chemotherapy, but more studies are needed to evaluate oxygenation effects on chemotherapy treatment. It has been recognized that even after decades of effort in tumor oxygenation, the clinical success is still limited with insufficient understanding of the oxygenation process. It is essential to develop techniques that can monitor hypoxia in solid tumors in real-time. Previous attempts have been made to measure tumor oxygen levels using needle-shaped polarographic electrode sensors [@B16]-[@B18]. However, this method is invasive, one-dimensional, and inefficient. It does not account for the heterogeneity of tumor oxygenation [@B19]. Tumor hypoxia may also be assessed using PET imaging with the hypoxia marker^18^F-fluoromisonidazole (FMISO), but FMISO PET imaging takes at least two hours to get reasonable hypoxia contrast, and does not allow real-time hypoxia measurement [@B20],[@B21]. MRI method using deoxyhemoglobin [@B22] in blood vessels could not provide accurate measurement on tissue oxygenation condition, as it is not indictive of the dissolved oxygen content. Pimonidazole immunostaining method [@B11],[@B12],[@B15] requires tumor collection and cannot provide tumor oxygenation status before and after the treatment [@B23],[@B24]. Therefore, we proposed to use an optical imaging method with intratumoral injection of a hypoxia probe to perform real-time monitoring of tumor oxygenation. Such method can greatly facilitate the development and evaluation of tumor oxygenation methods.

Considerable number of reports demonstrated that supplemental hyperoxic inhalation during PFC treatment would be crucial for effective oxygen delivery to tumors, whereas some recent studies reported that inhaling room air would be effective 24 h after PFC administration [@B13],[@B14],[@B25]. In addition, oxygen-carrying capacity and circulating half-lives might be different for these formulations, thus the subsequent oxygenation efficiency may vary. Understanding the dynamics of tumor oxygenation in real-time for each PFC formulation is critical for establishing an optimal chemotherapeutic regimen.

Here, we present a novel strategy that aims at improving chemotherapeutic efficacy while minimizing the chemotherapy-induced toxicity based on a thorough understanding of the dynamics of tumor oxygenation using optical imaging. PFOB nanoemulsions were prepared as oxygen carriers. A variety of oxygenation methods were evaluated dynamically. Supplying supplementary hyperoxic breathing immediately after the administration of the PFOB nanoemulsion to tumor-bearing mice was necessary to maximize the oxygen retention in tumors. To promote an oxygenation burst effect, nanoemulsions were pre-oxygenated so that tumor oxygen levels could be promptly maximized. The combination of hyperoxic breathing with the administration of a pre-oxygenated PFOB nanoemulsion allowed for an immediate increase in tumor oxygenation, which was sustained for up to 6 hours. This approach allows for feasible co-administration of CPT and a pre-oxygenated PFOB nanoemulsion, ensuring adequate oxygenation levels in tumor tissues during the most critical period of the chemotherapeutic treatment. We successfully reduced the dose of CPT to a level that was low enough to avoid significant nephrotoxicity but still achieving inhibition of tumor growth*in vivo*.

Methods
=======

Detailed methodologies are provided as supplementary data.

Preparation and characterization of PFOB nanoemulsion
-----------------------------------------------------

PFOB nanoemulsion was prepared using a heat-mediated emulsification method. Volume-based particle size distribution and zeta potential were determined via dynamic light scattering and anemometry laser doppler, respectively, on a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., UK). Transmission electron microscopy was used for characterizing particle morphology (Tecnai^TM^ BioTWIN, FEI Company, Netherlands). Oxygenation was performed by bubbling pure O~2~ into glass vials containing the PFOB nanoemulsion for up to 3 min. Oxygenation was monitored using the AL300 oxygen sensor probe attached to the NeoFox-GT fluorometer (Ocean Optics, USA) and using Image-iT^TM^ hypoxia optical probe. *In vitro* oxygen release was simulated upon unsealing the air-tight vial for atmospheric re-equilibration. Supplementary Data Figure [S1](#SM0){ref-type="supplementary-material"} depicts the apparatus used for O~2~ bubbling and *in vitro* oxygenation dynamics study.

*In vitro* A549 cytotoxicity
----------------------------

Hypoxic A549 cells were treated with 10-60 μM CPT followed by incubation for 24 h in ambient air (21% O~2~), under carbogen (hyperoxic environment, 95% O~2~ and 5% CO~2~) for 3 h followed by 21 h incubation under ambient air, or with pre-oxygenated 0.4% v/v PFOB nanoemulsion in DMEM with incubation under carbogen as above. Normoxic cells were treated with CPT under equal conditions. Cell viability was assessed via CCK-8 method. Cells treated with saline and cultured under similar conditions were used as negative controls for each group.

Animals and human lung cancer xenograft tumor model
---------------------------------------------------

Severe combined immunodeficiency (SCID) mice were purchased from the Jackson Laboratory (Farmington, CT, USA) and housed in a pathogen-free animal facility at the University of Connecticut, School of Pharmacy. All animal experiments were conducted in accordance with regulations and guidelines of the Institutional Animal Care and Use Committee (A14-046). For the xenograft lung tumor model, A549 cells (2×10^6^) suspended in 100 μL of PBS buffer were subcutaneously injected into the right flanks of 6-8 week-old mice.

*In vivo* optical imaging of real-time oxygenation levels in tumors
-------------------------------------------------------------------

Image-iT^TM^ hypoxia reagent was intratumorally (50 μL, 1 mM Image-iT^TM^) injected to tumors averaging 75 mm^3^, and the fluorescence signals monitored using the *In Vivo* Imaging System^®^ (IVIS^®^) Lumina LT Series III (excitation = 500 nm, emission = 650 nm, Perkin Elmer, Inc., USA). Animals were divided into four treatment groups (n=5 for each group): (1) OxySaline+O~2~: pre-oxygenated saline breathing carbogen (95% O~2~ and 5% CO~2~); (2) OxyPN+O~2:~ pre-oxygenated PFOB nanoemulsion breathing carbogen; (3) PN+O~2~: non-oxygenated PFOB nanoemulsion breathing carbogen; and (4) OxyPN+Air: pre-oxygenated PFOB nanoemulsion breathing ambient air (21% O~2~). Formulations or saline (50 µl) was administered intravenously. Quantification was conducted by measuring the fluorescence intensity (average radiant efficiency) in the region of interest (ROI). Fluorescence intensity values were expressed as percentage of the initial fluorescence (prior to treatment) for each individual tumor.

To assess the impact of tumor oxygenation from circulating PN and PN accumulated in tumor tissue, mice were administered with OxyPN or saline and 24 h later the animals received an intratumoral dose of Image-iT^TM^ hypoxia reagent. Fluorescence signal was allowed to stabilize for 3 h and background signal was measured (27 h post initial treatment). Animals were allowed to breath carbogen (95% O~2~ and 5% CO~2~) for 1 h and re-imaged to assess the oxygenation effect attributed to lingering PN in blood circulation at 28 hours post injection.

*Ex vivo* optical imaging of apoptosis in tumors
------------------------------------------------

Tumor apoptosis was evaluated *in vivo* by comparing three groups of tumor-bearing SCID mice (n=3) under different breathing regimens: (1) 5 mg/kg (i.v.) CPT breathing ambient air; (2) 5 mg/kg (i.v.) CPT breathing hyperoxic air (carbogen); and (3) 5 mg/kg (i.v.) CPT plus pre-oxygenated 20% (v/v) PFOB nanoemulsion (50 µL) breathing hyperoxic air. Breathing therapies were conducted for 3 hours post-injection. NIR-FLIVO^TM^-747 *in vivo* apoptosis assay agent was intravenously administered 48 hours post-treatment (50 μL i.v.; 1x NIR-FLIVO^TM^ solution per mouse). Four hours later, tumors were excised from mice and imaged using the IVIS^®^ Lumina LT Series III (excitation = 747 nm, emission = 776 nm, Perkin Elmer, Inc., USA).

*In vivo* antitumor efficacy & *ex vivo* apoptosis staining
-----------------------------------------------------------

Tumor-bearing mice with average tumor sizes of 60-75 mm^3^ (n=4) were administered intravenously with 50 μL of (1) saline; (2) CPT: free cisplatin (1 mg/kg); (3) CPT+O~2~: free cisplatin (1 mg/kg) under hyperoxic breathing for 3 h; (4) OxyPN+O~2~: pre-oxygenated PFOB nanoemulsion (PN) (20% v/v) under hyperoxic breathing for 3 h; or (5) CPT+OxyPN+O~2~: free cisplatin (1 mg/kg) and pre-oxygenated PFOB nanoemulsion (20% v/v) under hyperoxic breathing for 3 h. Treatments were administered once per week for up to 40 days. The relative change in tumor volume was calculated using the V/V~0~ ratio where V~0~ is the initial tumor volume.

At the end of the study, tumors were harvested, blocked in paraffin and sectioned into 5 µm-thick slices. Slices were stained with hematoxylin and eosin (H&E) and terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL). The number of apoptotic cells as a percentage of total cells in the HPF was determined (n=4, 10 HPF/tumor).

Histopathological evaluation of toxicity
----------------------------------------

At the end of the efficacy study, lungs, spleens, hearts, livers, and kidneys were harvested, blocked in paraffin and sectioned into 5 µm-thick slices, followed by H&E staining. An additional tumor-bearing mouse group was treated with a high dose of CPT (2 mg/kg) as positive control, where toxicity is expected to occur. Histopathological analysis was performed at the Connecticut Veterinary Medical Diagnostic Laboratory by a single-blinded Doctor of Veterinary Medicine.

RESULTS
=======

PFOB nanoemulsion characterization and oxygen-carrying capabilities
-------------------------------------------------------------------

The PFOB nanoemulsion comprised of spherical structures with a mean volume-based diameter of 197.4 ± 12.3 nm (Figure [1](#F1){ref-type="fig"}A) and polydispersity index of 0.271 ± 0.008. Zeta potential was determined as -19.1 ± 3.9 mV (Figure [1](#F1){ref-type="fig"}B), which is consistent with the polyethylene glycol coating of the particle\'s surface. Particle size distribution data was corroborated by the transmission electron microscopy images (Figure [1](#F1){ref-type="fig"}C), showing well-defined and monodisperse nanodroplets with sizes from 150 to 200 nm. Particle shape and overall morphology is consistent with the intended formulation and characteristic of lipid-stabilized nanodroplets. PFOB\'s encapsulation efficiency was 80.8 ± 7.3%. PFOB loading was 134.7 ± 12.1 μL PFOB/mL, translating to percentage content of 16.2 ± 1.5% (v/v).

The ability of PFOB nanoemulsions to carry oxygen was assessed. Upon oxygenation for 3 minutes with oxygen bubbling (Figure [1](#F1){ref-type="fig"}E), dissolved oxygen content in saline reached to 136.4 ± 48.2 ppm, whereas PN reached to 325.2 ± 86.4 ppm. Oxygen bubbling led to a supersaturated state with respect to the dissolved oxygen content (Figure [1](#F1){ref-type="fig"}E). PN showed enhanced capability of carrying oxygen when compared with saline, leading to a comparative 2.5-fold increase in dissolved oxygen (*p*\<0.0001). The supersaturated oxygen levels are maintained under hyperoxic environment. Upon opening of the air-tight vial, the hyperoxic headspace quickly equilibrates with the room air (\~21% O~2~) and promotes oxygen release from the supersaturated liquid, donating oxygen to the atmosphere following Henry\'s gas law. This behavior is clearly observed during the release portion of the oxygen dynamics monitoring data (Figure [1](#F1){ref-type="fig"}E), as further demonstrated in the supplementary data Figure [S1](#SM0){ref-type="supplementary-material"}.

*In vitro* Image-iT^TM^ hypoxia probe response was evaluated as a function of the oxygenation level of the PFOB nanoemulsion (Figure [1](#F1){ref-type="fig"}D) before and after O~2~ bubbling, showcasing the dynamic reduction in fluorescence signal upon addition of OxyPN when compared with PN (*p*=0.0075). The dynamic response of the Image-iT^TM^ probe, associated with the increased oxygen carrying capability of this formulation, showcases the potential of PN to deliver oxygen to tumors while allowing for real-time oxygenation level imaging.

Pre-oxygenated PFOB nanoemulsion effectively improved CPT potency to A549 cells *in vitro*
------------------------------------------------------------------------------------------

The susceptibility of A549 cells to cisplatin was assessed *in vitro* under hypoxic and normoxic conditions. Hypoxic A549 cells showed less susceptibility to cisplatin chemotherapy *in vitro*, as evidenced by the increased cell viability at equivalent CPT concentrations (Figure [2](#F2){ref-type="fig"}A). Normoxic A549 cells were 2-fold more susceptible to CPT at higher concentrations (30 and 60 μM, *p*\<0.0001), showcasing the importance of maintaining adequate tumor cell oxygenation to enhance CPT cytotoxicity. The effect of OxyPN itself on the A549 cell viability was also assessed under both hyperoxic and normoxic conditions. It was found that OxyPN promotes negligible reduction of cell viability at the 0.4% (v/v) concentration used for the *in vitro* studies (*p*\>0.05).

Using hypoxic A549 cells, the impact of OxyPN on the CPT cytotoxicity was investigated. CPT+O~2~ and CPT+OxyPN+O~2~ groups showed increased cytotoxicity compared with groups treated with CPT alone under normoxic incubation (Figure [2](#F2){ref-type="fig"}B). CPT+OxyPN+O~2~ group displayed a significant increase in cell death compared with the CPT+O~2~ group, suggesting that hypoxic A549 cells were more sensitive to CPT under the PFOB nanoemulsion treatment.

*In vivo* real-time monitoring of tumor oxygenation levels during PFOB treatment
--------------------------------------------------------------------------------

Tumors exhibited a certain fluorescence signal due to their inherent hypoxic state upon Image-iT^TM^ injection. The fluorescence signal became steady as early as 3 h post administration and remained reasonably steady for 12 to 24 h. The total fluorescence intensity of each tumor at 12 h was set as baseline (timing of treatment administration) as the fluorescence readings were stable at this point, representing the hypoxic state prior to PFOB nanoemulsion treatment. Signals at other time points were normalized as percent change with respect to the baseline fluorescence. Figure [3](#F3){ref-type="fig"}A showcases the fluorescence quantification for all time-points. Time-points in question refer to time elapsed since treatments (i.e. PN, OxyPN or saline) were administered. Figure [3](#F3){ref-type="fig"}B demonstrates selected time-points of interest. A full representative dataset is provided as supplementary data to this article (Figure [2](#F2){ref-type="fig"}S).

Significant signal reduction was observed 5 min post-injection of the pre-oxygenated PFOB nanoemulsion followed by hyperoxic breathing (OxyPN+O~2~; Figure [3](#F3){ref-type="fig"}). The rapid reduction in fluorescence signal indicated effective and rapid oxygen delivery to tumor tissues after injection. The normalized fluorescence intensity for OxyPN+O~2~ and PN+O~2~ groups were 62.8 ± 4.1% and 83.5 ± 12.8% respectively, which translates into a statistically-significant difference (*p*=0.0077; Two-way ANOVA and Tukey\'s Multiple Comparison Test). Later time-points did not show differences between OxyPN+O~2~ and PN+O~2~ groups (*p*\>0.05). For the mice treated with the PFOB nanoemulsion without pre-oxygenation under hyperoxic breathing (PN+O~2~), the signal reduced gradually and reached a plateau in one hour. The signal started increasing approximately 4 h post treatment, although the animals were still under the hyperoxic breathing regimen.

At 28 h post-treatment, the effect of the remaining PFOB nanodroplets in circulation on the tumor oxygenation levels is minimal and indistinguishable from the saline group (Figure [3](#F3){ref-type="fig"}C). The normalized reduction in fluorescence intensity when comparing before and after 1 h hyperoxic breathing at 27 h post-treatment was similar between OxySaline and OxyPN groups (Figure [3](#F3){ref-type="fig"}D).

Increase in caspase-mediated apoptosis via co-treatment with CPT and PFOB nanoemulsion
--------------------------------------------------------------------------------------

*Ex vivo* apoptosis optical imaging assay was conducted to quantify cell apoptosis mediated via caspases signaling pathway. The NIR-FLIVO^TM^-747 reagent becomes fluorescent after binding to caspases. A stronger fluorescence intensity represents more caspases and thus increased cell apoptosis. As CPT induces cell apoptosis via the activation of caspases in A549 cells [@B26],[@B27], this assay indicates how effective oxygenation treatment is in increasing CPT efficacy. As illustrated in Figure [4](#F4){ref-type="fig"}, more caspase-mediated apoptosis was observed in the group treated with CPT+OxyPN+O~2~ (*p*=0.0046), implying that PFOB nanoemulsion-dependent enhancement in tumor oxygenation was responsible for a remarkable increase in caspase-mediated apoptosis.

Enhanced *in vivo* antitumor efficacy via co-treatment with CPT and PFOB nanoemulsion
-------------------------------------------------------------------------------------

Based on the decrease in cancer cell viability observed *in vitro* (Figure [2](#F2){ref-type="fig"}) and the increase in caspase-mediated apoptosis *in vivo* (Figure [4](#F4){ref-type="fig"}), we postulate that increasing tumor oxygenation levels would result in more efficacious *in vivo* CPT efficacy. Studies involving simultaneous dosing of PFOB nanoemulsion and CPT were conducted since we observed that the pre-oxygenated PFOB nanoemulsion was capable of instantly delivering oxygen to the tumor tissues, with a long-lasting effect for up to 4 h (Figure [3](#F3){ref-type="fig"}A). Following CPT administration, we expected the drug to reach a maximum concentration in tumor tissues within the first hour [@B28]. Therefore, co-administering CPT and PFOB nanoemulsion at the same time would likely achieve synergistic efficacy.

CPT+OxyPN+O~2~ group showed the most efficacious inhibitory effect on tumor growth (Figure [5](#F5){ref-type="fig"}A), consistent with *in vitro* observations. The relative tumor growth rate for the CPT+OxyPN+O~2~ group also reduced exponentially when compared with all other treatment groups (*p*\<0.0001; Figure [5](#F5){ref-type="fig"}B). OxyPN+O~2~ group also displayed tumor growth inhibition compared with saline, even though no CPT was administered. Also, CPT+O~2~ group displayed slightly enhanced tumor growth inhibition compared with CPT. These effects may be due to the known capacity of hyperoxic conditioning to inhibit tumor growth [@B29].

Analysis of high-power field (HPF) TUNEL-stained A549 tumors slices (Figure [5](#F5){ref-type="fig"}D) showed saline and OxyPN+O~2~ did not produce a significant number of apoptotic cells per HPF. There was no difference between the saline group and OxyPN+O~2~, even though OxyPN+O~2~ treatment itself led to an inhibition in tumor growth in the *in vivo* efficacy study (Figure [5](#F5){ref-type="fig"}A).

All treatment groups that received CPT displayed a significant increase in apoptotic cells compared with saline (*p*\<0.0001). CPT+O~2~ treatment increased the number of apoptotic cells compared with only CPT (*p*\<0.01). This is consistent with previous observations where hyperoxic breathing itself can slightly increase oxygen concentrations in tumor tissues. Corroborating previous findings, CPT+OxyPN+O~2~ group yielded a much greater number of apoptotic cells/HPF than the group treated only with CPT+O~2~ (*p*\<0.0001). In general, 2- and 13-fold increase in apoptotic cells were found for CPT+OxyPN+O~2~ compared with CPT+O~2~ and saline (*p*\<0.0001), respectively.

Reduced CPT off-target toxicity following co-treatment with PFOB nanoemulsion
-----------------------------------------------------------------------------

During the treatment regimen, weight loss was observed in the 1 mg/kg CPT group and combinations containing CPT, but not in the groups treated with saline or OxyPN+O~2~ only (Supplementary Data, Figure [S4](#SM0){ref-type="supplementary-material"}). OxyPN itself did not change the natural growth rate of treated animals. Regarding kidney histopathological findings, saline-treated group and all groups treated with 1 mg/kg cisplatin showed closed tubules, characteristic of regular renal function (Figure [6](#F6){ref-type="fig"}). No significant nephrotoxicity was observed in the co-treated groups. This allowed the use of a dose as low as 1 mg/kg, while still maintaining efficacy due to the elevated oxygen levels in tumor tissues. For mice treated with 2 mg/kg CPT, where toxicity is expected to occur, dilated tubules were present (Figure [6](#F6){ref-type="fig"}, yellow arrows) around the glomeruli (red arrows), suggesting accumulation of fluids in the tubule that could not be reabsorbed. No signs of oxygen-related toxicity (e.g. lung injury) were observed. No other signs of toxicity were observed in other organs as neither CPT nor the PFOB nanoemulsion caused histological damage to those tissues (Supplementary Data, Figure [S5](#SM0){ref-type="supplementary-material"}).

Discussion
==========

We hypothesized that PFOB nanoemulsion-based oxygenation would promote better therapeutic efficacy by lowering hypoxia-induced chemoresistance. CPT is highly affected by hypoxia-induced chemoresistance [@B30], and it was the drug chosen for this study. A PFOB nanoemulsion (PN) formulation was developed and optimized to act as an oxygen carrier to promote tumor tissue oxygenation. The oxygen-carrying capability of PN was confirmed by successfully achieving 2-fold increase in dissolved oxygen content when compared with saline.

*In vitro* cell viability confirmed hypoxic A549 cells are less susceptible to CPT when compared with normoxic A549 cells, validating the merit of enhancing tumor oxygenation to promote better CPT efficacy. To test this hypothesis, *in vitro* cytotoxicity assay was performed to assess the impact of the PFOB nanoemulsion treatment on the cytotoxicity of CPT in hypoxic cells. Hypoxic cells were treated with various concentrations of CPT and incubated under 21% (normoxic) or 95% O~2~ (hyperoxic), or with CPT plus OxyPN+O~2~. The results indicate oxygenation of hypoxic A549 cells using OxyPN increased the cells\' sensitivity to CPT. Since the OxyPN is able to carry much more oxygen compared with the cell culture medium, its presence allowed higher oxygenation levels to be achieved, increasing the cytotoxicity of cisplatin by overcoming hypoxia-induced chemoresistance *in vitro*. To bridge the translational gap between *in vitro* and *in vivo* efficacy, one must first understand the tumor oxygenation dynamics to properly tailor the treatment regimen (that is: the timing of administration of CPT and OxyPN).

Illustrating the dynamic changes in tumor hypoxia following nanoparticle-mediated delivery of oxygen in real-time is of upmost importance at the pre-clinical stage, but still complicated due to inherent analytical and biological limitations. An optical imaging method for visualizing oxygen delivery to tumors was proposed in our work to better understand the oxygen delivery dynamics from OxyPN to tumor*in vivo*. Fluorescence signals from the Image-iT^TM^ hypoxia probe decrease with increased oxygenation levels due to reaction quenching by oxygen and vice-versa. Since the quenching is reversible, it allows changes in oxygen levels to be instantly detected in real-time, promoting a much more efficient determination of tumor oxygenation dynamics during the OxyPN treatment. Considering nanoparticle accumulation in tumors does not occur instantaneously, the rapid delivery of oxygen observed after injection may not be related to nanoemulsion accumulation, but rather to the circulating nanoparticles that reach hypoxic areas with lower oxygen partial pressure, releasing oxygen. This pressure gradient would cause the oxygen dissolved in PFOB to diffuse out of nanoemulsion droplets into blood and further diffuse into adjacent tumor tissue. The dynamics of oxygen release from the PFOB nanoemulsion are similar to what is observed *in vivo* for red blood cells [@B31] and do not require nanoparticles to accumulate in the tumor tissues. Similarly, PFOB nanoemulsion in circulation would be able to "recharge" while passing through the pulmonary vasculature, which is oxygen-rich. The nanodroplets are able to carry dissolved oxygen and release it following Henry\'s gas law. The signal started to increase approximately 4 h post treatment, indicating decrease in tumor oxygenation, although the animals were still under the hyperoxic breathing regimen, demonstrating the most effective oxygen delivery period was within 4 h post-injection. From 4 - 6 h, oxygenation still occurs but less efficiently. At 6 h, oxygenation is much less effective. This could be the result of clearance of the nanoemulsion droplets from circulation, reducing the number of particles available to effectively transport oxygen to the tumor\'s microvasculature. The half-life of the formulation in circulation was verified as 15.4 h using X-ray Computed Tomography (Supplementary Data, Figure [S2](#SM0){ref-type="supplementary-material"}) following an one-compartment intravenous bolus model [@B32]. Therefore, 4 hours post-injection, the remaining formulation in the circulation should correspond to roughly 80% of the total injected volume. This 20% loss in nanoemulsion concentration is apparently enough to reduce the oxygen partial pressure gradient effect driving the nanoparticle-mediated tumor oxygenation process.

It appears that effective tumor oxygenation by PN is highly dependent on supplemental hyperoxic breathing. Administration of OxyPN under air breathing (normoxic conditions) did not significantly change oxygenation levels in tumors, inferring the importance of supplementing oxygen breathing for a more effective tumor oxygenation via oxygen recharging of PFOB in the lungs. We postulate that circulating formulation can solubilize oxygen when these nanoparticles pass through the pulmonary vasculature, where the oxygen partial pressure is high due to the hyperoxic breathing regimen. This gradually improved oxygenation levels in tumor, as OxyPN circulates in blood, recharges with oxygen, and carries it onto hypoxic areas where oxygen will be delivered in the hypoxic microvasculature. It is noteworthy that this "oxygen recharging" process is one of the factors responsible for the high inter-individual variations commonly observed. Our result showed that pre-oxygenated PN (OxyPN) provided an almost instantaneous oxygenation effect, thus reducing inter-individual variations as the oxygenation process relies less on the pulmonary recharging compared with non-preoxygenated PFOB nanoemulsion.

The most effective tumor oxygenation was achieved with carbogen breathing within 4 h post OxyPN administration. As oxygen is delivered directly in the vasculature due to the oxygen partial pressure gradient, the maximum oxygenation period does not correlate with the time-frame of maximum nanoparticle accumulation in tumors (OxyPN tumor accumulation increased with time within 24 h post-injection; Supplementary Data Figure [S6](#SM0){ref-type="supplementary-material"}). The formulation remaining in blood circulation largely promoted oxygenation. These results support the importance of PN\'s oxygen-carrying capacity to promote improved oxygen transport through the vascular system and deliver to the hypoxic tumor tissues.

The impact of nanoemulsion concentration in circulation on its ability to increase tumor oxygenation was studied at 24 hours after receiving selected treatments (saline and PN). The comparison among signals before and after hyperoxic breathing demonstrated no significant difference between OxySaline and OxyPN at such a late time-point. Therefore, it is confirmed tumor oxygenation is less effective longer than 6 h post administration of OxyPN due to nanoemulsion clearance from the body. Below such concentration, the increase in oxygen partial pressure in blood is not significant enough to drive tumor oxygenation further. Note this refers to dissolved oxygen levels in tumor, not tumor hypoxia state determined through biomarkers such as nitroimidazole. Image-iT^TM^ probe measures the levels of free, dissolved, oxygen. Tumor accumulation of PN may contribute to the oxygenation but might not be substantial due to the limited amount of PN which eventually reaches tumors (in a scale of 1% of injected dose in tumors). Interestingly, a recent report has indicated little importance of carbogen breathing for tumor oxygenation [@B25]. In the referred report, hypoxia measurements were made 24 h post administration of PFOB droplets via PET imaging with \[^18^F\]FAZA, unable to measure free oxygen levels. The referred study showed that hypoxia was reduced at 24 hours post injection of PFOB without carbogen breathing. For short term acute delivery of free oxygen, carbogen is recommended to promote an oxygen-rich environment for lung recharging of circulating PFOB nanodroplets, as demonstrated by the Image-iT^TM^ tracking results which measures free oxygen. However, air breathing environment can potentially reduce hypoxia on a longer time-scale, as showcased by the referred study [@B25], which measured their results as a function of hypoxia state using \[^18^F\]FAZA PET. The reduction of tumor hypoxia at later time-points may not necessarily correlate to current oxygenation levels expressed as a function of free, dissolved, oxygen. Monitoring tumor oxygenation as a function of dissolved oxygen levels is relevant by a therapeutic perspective as a high free oxygen content in tumor is desired to promote effective chemo/radiotherapy [@B3],[@B33].

Based on real-time oxygenation imaging, our findings confirm: (1) breathing room air does not improve the oxygenation in tumor tissues post PFOB nanoemulsion treatment as a function of free oxygen content; (2) PFOB nanoemulsion, with or without pre-oxygenation, is able to provide prolonged oxygen delivery under hyperoxic breathing; (3) pre-oxygenated PFOB nanoemulsion provides a rapid oxygen supply to tumor tissues; (4) significant oxygenation occurs within a time-frame of 4 h post-injection of the PFOB nanoemulsion; (5) oxygen delivery likely occurs in the vasculature due to oxygen partial pressure differences, and does not require nanoparticle accumulation in solid tumor tissues.

With regards to the potential use of hypoxia probes in the clinic, Image-iT^TM^ works within the NIR I region, thus limiting the depth and localization of the fluorescence source due to biological interference [@B34], and it is only used pre-clinically. However, a new generation of hypoxia probes are currently under development to operate within the NIR II region (1000 - 1700 nm), drastically improving *in vivo* spatial resolution, signal-to-noise ratio and tissue penetration [@B35]. Also, current developments in clinical photoacoustic imaging may soon allow the use of such probes in the clinic [@B35]. In this sense, our findings lay solid ground for the exploration of novel hypoxia probes that operate under much lower biological interference as the reported experimental approach could be easily adapted.

CPT can promote a much greater tumor growth inhibition when treatment is performed under higher levels of oxygenation. Multiple elements have to be considered when discussing the role of oxygen in reducing the hypoxia-induced resistance to CPT. When oxygen is released from the PFOB nanoemulsion due to the lower oxygen partial pressure of the hypoxic tumor, it can foster the oxidation of thiol-containing molecules. Reduced numbers of thiol-containing molecules would aid in maximizing cellular uptake of CPT [@B36]. Also, oxygen should be sustainably supplied to prevent the recurrence of thiols due to the presence of active reductase. Besides the challenges of delivering oxygen in a timely manner, the pharmacokinetics associated with CPT distribution and accumulation in tumor tissues may also pose a challenge. It is known that intravenous injection of free CPT leads to peak concentrations in tumors shortly after administration, followed by a drug concentration reduction over time [@B37]. Maintaining high oxygen levels in tumors during CPT accumulation can be achieved by optimizing the dosing timing of both CPT and oxygen-carrying PFOB nanoemulsion. After the administration of OxyPN, tumor oxygen levels rapidly increased. To match this to CPT tumor accumulation, a simultaneous co-treatment of OxyPN and CPT can be applied to combine instantaneous oxygenation with the fast distribution of CPT in tumor tissues. This therapeutic approach was successfully validated in our pre-clinical model, where an exceptional tumor growth inhibition was achieved co-treating animals with CPT and OxyPN. In fact, the relative tumor growth rate for the CPT+OxyPN+O~2~ group showed a six-fold decrease when compared with the saline-treated control group.

Another advantage of CPT and OxyPN co-treatment is the possibility of reducing CPT doses while maintaining (or even increasing) CPT\'s efficacy but reducing significantly possible toxic effects. Accumulated doses of CPT can induce irreversible kidney damage which is responsible for diminished excretion of erythropoietin and strongly limited regeneration of red blood cells [@B38],[@B39]. In the presence of CPT-induced toxicity, anemia would cause the recurrence of hypoxia and the subsequent increase in tumor progression before the next cycle of treatment, thus limiting the overall therapeutic outcome. Therefore, achieving a therapeutic strategy that allows the use of lower doses of CPT while still promoting tumor growth inhibition is the main target of CPT-based chemotherapy. The inhibition of tumor growth may be achieved by developing strategies that aim at suppressing the population of therapy-resistant tumor cells, which are responsible for unmanageable tumor growth [@B1],[@B40],[@B41]. In particular, with respect to chemotherapy associated with PFOB nanoemulsion oxygenation, repeated high doses of chemo-drugs would increase the population of both drug-resistant and hypoxia-associated resistant cancer cells. Therefore, a low dose of CPT assisted with adequate PFOB nanoemulsion-based tumor oxygenation would lead to an improved inhibitory effect on tumor growth. To prove this hypothesis, we treated the subcutaneous tumor-bearing mice with 1 mg/kg CPT together with the tailored PFOB nanoemulsion-based tumor oxygenation strategy. To our knowledge, 1 mg/kg CPT per week is the lowest dose that has ever been reported for significant inhibition of tumor growth. Under such conditions, we were able to achieve reasonable tumor growth inhibition without apparent signs of nephrotoxicity.

In summary, hypoxia-induced chemoresistance in cancer therapy creates a requirement for higher chemo-drug doses in order to achieve therapeutic success. This may lead to greater hypoxia, sustaining this negative cycle that makes cancer treatment even more difficult. We addressed this problem with a co-treatment strategy of low-dose of CPT (1 mg/kg) with adequate tumor oxygenation by a PFOB nanoemulsion formulation under hyperoxic breathing (95% O~2~). A real-time *in vivo* hypoxia probe was used to demonstrate that PFOB nanoemulsion was able to sustain tumor oxygenation for up to 4 h, transiently reducing tumor hypoxia. Pre-oxygenation of this nanoemulsion was necessary for fast oxygen delivery to tumor tissues. Due to the recharging capabilities of the PFOB nanoemulsion, hyperoxic breathing promoted continuous *in vivo* oxygen loading and consequently a more efficient tumor oxygenation. Co-administration of low dose CPT during this period of high tumor oxygenation allowed the successful inhibition of tumor growth compared with the administration of CPT alone. This chemotherapeutic strategy achieved effective therapy without significant nephrotoxicity.

Conclusion
==========

PFOB nanoemulsion-based oxygenation has a great potential to prevent and/or overcome long-term hypoxia-induced chemotherapy resistance. Optical imaging allowed for dynamic measuring of oxygenation in tumors upon nanoemulsion administration in a pre-clinical murine model, providing novel understanding of the dynamics of nanoparticle-mediated tumor oxygenation and allowing for proper dosing design and timing to maximize cisplatin efficacy while reducing the dose administered. The use of optical imaging to understand the dynamics of tumor oxygenation upon nanoparticle administration is a novel approach, and it provides valuable knowledge for upcoming studies in the field of tumor oxygenation. Although due to the limited tissue penetration the current work targets imaging oxygenation in a preclinical study, with further developments in novel optical probes for hypoxia (i.e. NIR II probes), this approach may be adapted for use with such probes, narrowing the current translational gap between pre-clinical tumor oxygenation optical imaging - as reported in this study - and future clinical uses.
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![**Characterization of PFOB nanoemulsion. (A)** Volume-based particle size distribution of PFOB nanoemulsion. Insert shows a representative PFOB nanoemulsion preparation. **(B)** Apparent zeta potential distribution of PFOB nanoemulsion. **(C)** Representative transmission electron microscopy image of PFOB nanoemulsion. **(D)** *In vitro* impact of PFOB nanoemulsion oxygenation state on the radiant efficiency of the Image-iT^TM^ hypoxia probe. **(E)** *In vitro* oxygenation dynamics of saline and PFOB nanoemulsion monitored via real-time fluorometry. O~2~ bubbling was conducted for 3 minutes for maximum oxygen saturation, followed by equilibration under hyperoxic atmosphere. O~2~ release was achieved by releasing the hyperoxic atmosphere and allowing equilibration with room air.](ntnov03p0223g001){#F1}

![**Viability of hypoxic and normoxic A549 cells 24 hours post-treatment. (A)** Comparative viability of hypoxic and normoxic A549 cells upon treatment with only CPT or OxyPN. **(B)** Hypoxic cells treated with CPT, CPT under hyperoxic incubation (CPT+O~2~), and co-treatment of cisplatin and pre-oxygenated PFOB nanoemulsion under hyperoxic incubation (CPT+OxyPN+O~2~) (n=3; *ns* not significant, \**p*\<0.05, \*\*\*\**p*\<0.0001).](ntnov03p0223g002){#F2}

![***In vivo* serial optical imaging of hypoxia in tumors. (A)** Dynamic monitoring of hypoxic fluorescence from tumors (n=3). Higher level of fluorescence represents lower level of oxygenation in tumor. Insert highlights statistically-relevant differences at the first time-point. **(B)** Representative images of fluorescence from tumors at time zero- and at selected time-points. Full representative dataset is available as supplementary data (Figure [S3](#SM0){ref-type="supplementary-material"}). **(C)** Representative images of fluorescence from tumors 27 h post-treatment and 28 h post-treatment following 1 h hyperoxic breathing session. **(D)** Normalized radiant efficiency 28 h post-treatment as represented in (C).](ntnov03p0223g003){#F3}

![***Ex vivo* evaluation of caspase-mediated apoptosis in tumors. (A)** Representative images of fluorescence from tumors harvested from mice 48 hours post-treatment. **(B)** Quantification of fluorescence signal from tumors (n=3).](ntnov03p0223g004){#F4}

![**(A)** Tumor growth of A549 tumor-bearing mice treated weekly with saline, OxyPN+O~2~, CPT, CPT+O~2~ or CPT+OxyPN+O~2~ (n=4). **(B)** Relative tumor growth rate as specified in (A). **(C)** Tumors removed from each animal as specified in (A). **(D)** Percentage of apoptotic cells/HPF in tumors removed post efficacy study (TUNEL-stained slices; n=10). \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001, \*\*\*\**p*\<0.0001.](ntnov03p0223g005){#F5}

![**Representative images of H&E staining of kidney slices**. **(Left)** Representative micrographs from group treated with 2 mg/kg cisplatin (positive control). **(Right)** Representative micrographs of group treated with 1 mg/kg cisplatin and CPT+OxyPN+O~2~. Glomeruli, tubules, dilated tubules, and veins are marked by red, green, yellow and black arrows, respectively.](ntnov03p0223g006){#F6}
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